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Abstract: We demonstrate a distributed hydrostatic pressure measurement based on phase-sensitive 
optical time-domain reflectometry in a highly birefringent photonic crystal fibre with a 0.4 bar 
pressure resolution and a 10 cm spatial resolution. 
OCIS codes: (060.2370) Fiber optics sensors; (060.5295) Photonic crystal fibers; (120.4825) Optical time domain 
reflectometry; (260.1440) Birefringence; (290.5870) Scattering, Rayleigh. 
1. Introduction 
Distributed optical fibre sensing (DOFS) of axial strain and temperature [1, 2] is a well-established technology, which 
has found its place in the market, and which is also still the subject of extensive research and innovation efforts. 
However, there are almost no demonstrations of DOFS of hydrostatic pressure [3-5]. The main obstacle to such 
measurements is the small pressure sensitivity of standard step-index optical fibres [3, 6]. Dedicated fibres may 
provide a solution to this shortcoming. An internal structure of airholes, such as that used to obtain the so-called ‘side-
hole fibre’, can increase the pressure sensitivity [7]. A hydrostatic load applied to the coating or cladding of such a 
fibre can induce a stress concentration in its core region, yielding a higher sensitivity to pressure. The birefringence 
of photonic crystal fibres (PCFs) can also be exploited for pressure sensing and can also be designed to feature an 
enhanced pressure sensitivity by optimizing the layout of the holey microstructure in the fibre’s cross-section [8]. In 
addition, the birefringence also can be tailored to be negligibly sensitive to temperature. Such PCFs could therefore 
offer a low to negligible pressure measurement cross-sensitivity to temperature. In this report we exploit this potential 
and we discuss a distributed pressure measurement using a pressure-sensitive highly birefringent photonic crystal fibre 
and a phase-sensitive optical time-domain reflectometry (φOTDR) technique. 
2. Working principle  
Our approach is based on the detection of pressure-induced phase birefringence changes ΔB by means of φOTDR. 
This technique exploits Rayleigh backscattering along the fibre, caused by random density fluctuations in the fibre 
core, and compensates the local phase refractive index variations Δn with a frequency shift ∆𝜈 of the interrogating 
light pulse at a frequency ν [9]. 
2.1. Phase birefringence measurement 
We measure the Rayleigh spectra Rs(ν, z0) and Rf(ν, z0) for both orthogonally polarized slow and fast optical axes 
of the fibre, at each position z0. Because of the difference in refractive index of these two modes, the local spectra are 
shifted in frequency with respect to each other. Therefore, the cross-correlation function C(Δν, z0) = Rs(ν, z0)*Rf(ν, z0) 
(Fig.1) features a maximum at the frequency Δν = νs – νf, corresponding to the phase birefringence B = ns – nf as given 
by: 
∆𝜈 =
𝜈𝑠
𝑛𝑓
𝑔𝐵      (1) 
where nfg is the group refractive index along the fast axis. 
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Fig.1. Working principle of a distributed birefringence measurement based on φOTDR traces along both orthogonally polarized modes of the 
birefringent fibre. The frequency shift between two local spectra leads to a cross-correlation peak at Δν. 
2.2. Pressure measurement 
We retrieve the pressure-induced birefringence change along the fibre using the spectral cross-correlations of 
φOTDR traces of a reference measurement at a pressure P0 and measurements at different applied pressures Pi, i = 1, 
2, for each of the orthogonal polarization axes. The cross-correlation functions 
Сs,f(Δν, z0, ΔPi) = Rs,f(ν, z0, P0)*Rs,f(ν, z0, Pi) are now maximal at the frequencies Δν, proportional to the equivalent 
pressure-induced changes of the refractive indices Δns and Δnf along the slow and fast polarization axes (Fig. 2): 
∆𝜈𝑠,𝑓 =
𝜈𝑠,𝑓
𝑛𝑠,𝑓
𝑔 ∆𝑛𝑠,𝑓.     (2) 
After obtaining the Δn values for the fast and slow axes, we calculate the change of the phase birefringence as follows: 
 ΔB = [Δns(P2) – Δns(P1)] – [Δnf(P2) – Δnf(P1)]    (3) 
 
Fig.2. a) Frequency shifts Δν(P) obtained via cross-correlations of φOTDR signals of a reference measurement and measurements at different 
applied pressures converted into b) pressure-induced changes of refractive indices Δn(P) in the slow and fast polarization axes as function of 
pressure. 
The main drawback of this measurement is that it only provides the pressure-induced change of the birefringence 
ΔB, but not its absolute value B. The relation between ΔB and ΔP = P2 – P1 is fibre dependent and is usually given by 
a simple linear relation. 
3. Experimental setup 
Figure 3 shows the scheme of the experimental φOTDR setup. We used a tuneable laser diode emitting at a wavelength 
around 1551 nm. We placed a polarization controller (PC) before the electro-optical modulators (EOM) to optimize 
the optical power.  To form a 1 ns scanning pulse (yielding a 10 cm spatial resolution) with high extinction ratio, we 
used two EOMs driven by pulse generators, and we tuned the temperature of the laser to scan the pulse frequency. A 
polarizer (P) and polarization switch (PS) defined the orthogonal states of polarization of the interrogating pulse. An 
erbium-doped fibre amplifier (EDFA) amplified the signal, whilst a variable attenuator (VA) controlled the pulse 
power entering the fibre under test (FUT). We also used a second PC for aligning the pulse polarization along one of 
the polarization axes of the FUT. An EDFA amplified the Rayleigh backscattered signal, collected at port 3 of a 
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circulator, and then this signal was filtered using a tuneable optical filter (TOF) to reduce the amplified spontaneous 
emission (ASE) added by the EDFA. Finally, we monitored the backscattered signal with a 3-GHz bandwidth 
photodetector (PD) connected to a 10-GSps oscilloscope (Osc). 
 
Fig.3. Scheme of the experimental φOTDR setup used for the distributed pressure measurement. Abbreviations are explained in the text. 
4. Experimental results 
4.1. Phase birefringence measurement 
We carried out our measurements using a 4-m long highly birefringent (HiBi) “Butterfly” PCF [10], with a 
cross-section shown in Fig.4a. This PCF has a high polarimetric pressure sensitivity dB/dP (the simulated value of 
dB/dP is –0.91∙10-6 bar-1, as obtained with commercially available COMSOL Multiphysics® finite element modelling 
software, is), while the polarimetric temperature sensitivity dB/dT is almost zero. The low cross-sensitivity of the 
birefringence to pressure and temperature in this fibre makes it a good candidate for pressure sensing. Earlier 
measurements made with Brillouin optical time-domain analysis (BOTDA) have shown that the average phase modal 
birefringence is 7.83∙10-4 at the wavelength 1550 nm (corresponding to Δν ≈ 104 GHz). 
We tuned the frequency of the interrogating pulses, aligned to the slow and fast axes, to a difference of 104 GHz 
with respect to each other and we scanned it in a range of 60 GHz with 200 MHz steps. We calculated the 
cross-correlation of the φOTDR traces obtained from two consecutive measurements for orthogonal polarization axes 
along the fibre, with 10 cm spatial resolution, as shown in Fig. 4b. Based on the known frequency shifts, we obtained 
the corresponding birefringence distribution (Fig. 4c) using equation (1). A length of approximately 1 meter at the 
entrance of the fibre (not shown in the figures) was covered by a strong reflection occurring at the splice between the 
Panda-type lead-in fibre and the Butterfly PCF. 
 
Fig.4. a) Cross-section of HiBi PCF. b) Cross-correlation of the φOTDR traces along slow and fast axis. c) Birefringence distribution along the 
fibre. 
Fig.4c shows that the birefringence distribution in the PCF is non-uniform over its length, which is mainly 
attributed to small variations in the airhole microstructure along the fibre. The average birefringence B = 7.91∙10-4 
agrees well, however, with the value mentioned earlier. 
4.2. Pressure measurement 
To measure the pressure sensitivity of the FUT, we placed it in a pressure chamber, and we applied pressures of 0, 1 
and 2 bar relative to atmospheric pressure. We scanned the pulse frequency in a 40 GHz range with 60 MHz steps and 
we computed the spectral cross-correlations of the Rayleigh traces at each pressure value. Fig.5a and Fig.5b show the 
pressure-induced frequency shifts and corresponding ΔB, as calculated using equations (2) and (3).  
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Fig.5. a) Pressure-induced frequency shift of the Rayleigh traces along the slow and fast axes.  
b) Birefringence change induced by pressure change of 1 bar. 
Fig.5b shows that the response of the PCF is considerably non-uniform over its length. The mean pressure 
sensitivity of the birefringence is dB/dP = –(1.21±0.4)∙10-6 bar-1 (corresponding to dν/dP = –150 MHz/bar). This value 
is in reasonable agreement with the simulations results. The pressure sensitivity is significantly larger than in other 
proposed distributed pressure measurements [3-5] with PCFs, and allows for sub-bar measurement resolution (0.4 bar 
for a frequency scanning resolution of 60 MHz). The pressure resolution can be further improved by implementing a 
finer pulse frequency tuning. Resolving smaller ΔP also calls for improving the uniformity of the birefringence along 
the fibre. The main limitation of the measurements, based on the detection of ΔB, stems from the fast longitudinal 
fluctuations (shorter than the spatial resolution) of the birefringence, leading to broadening and amplitude reduction 
of the correlation peak. This issue can be potentially resolved by using a better spatial resolution, but at the expense 
of spectral broadening of the correlation peak, which in its turn complicates the detection of small ΔB. 
5. Conclusion 
We demonstrated distributed hydrostatic pressure sensing based on φOTDR in a HiBi PCF with an average pressure 
sensitivity of -150 MHz/bar at a spatial resolution of 10 cm and a pressure measurement resolution of 0.4 bar.  
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